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Introduction
Deciduousness is a key functional trait both for individual trees and for forest communities. Partial or full leaf loss during part of the year is an important ecosystem trait, since it indicates that forest productivity is seasonally reduced, and deciduousness may correlate with important ecosystem-level characteristics, such as tree height, biomass, and diversity. Since deciduousness changes canopy reflectance, it can be detected in satellite images (Reed et tropical dry forests are deciduous, wet forests are evergreen, and forests in between are called semi-deciduous. Deciduousness is thus an important and easy-to-measure indicator, and models of how tropical forests respond to future climatic changes (Steffen et al. 1996) might be calibrated by assessing how well they predict deciduous behavior under different climates.
This requires calibration sites, where deciduousness and climate are carefully measured, and despite the importance of this single character in forest classification and ecosystem function, there are very few quantitative estimates of deciduousness in tropical forests. The only indication of the degree of deciduousness typically reported is the fraction of species (e.g. Frankie et al. 1974; Reich 1995) . Quantitative studies on the fraction of canopy cover lost during seasons of leaf fall are rare. We thus embarked on a straightforward effort to map and quantify deciduousness in three forests in central Panama. We sampled every canopy species for deciduous behavior, and then made a complete census of all deciduous species. The three sites, though close together, have different precipitation patterns, so we were able to quantify the relationship between climate and deciduousness.
Study sites
The study was carried out in lowland forests (< 200 m elevation) adjacent to the Panama Canal. Annual rainfall even in the driest sites in central Panama exceeds potential evapotranspiration and is ample to sustain tall, moist, high-biomass forest. There is a long dry season, though, running from mid-December until midApril, during which many trees lose all their leaves (Leigh et al. 1982) , and there is considerable variation across the isthmus in the length of the period when potential evapotranspiration exceeds precipitation (Fig.  1) . At the Pacific side of the Canal, near Panama City, total annual rainfall is 2060 mm and the dry season lasts 129 days; at Barro Colorado in the center of the isthmus, rainfall is 2570 mm and the dry season 118 days; while near the Atlantic, rainfall is 2830 mm and the dry season is 106 days (Fig. 1) . Condit (1998a) reported slightly different estimates for dry season duration, but based on an approximation for potential evapotranspiration (100 mm/month); here we use direct measurements of potential evapotranspiration (Fig. 1) During the second half of March, 1999, we extended this approach by visiting every individual of all species recorded as deciduous at BCI or Cocoli during the 1997 surveys (but not at Sherman, where few trees were deciduous). Non-deciduous species were not checked, with two exceptions -Jacaranda copaia and Tabebuia rosea -which have been seen deciduous (but not during the 1997 census). All Tabebuia were visited, but we checked only 22 Jacaranda because it is extremely abundant and most had full crowns of leaves in March, 1999 (one of 22 was deciduous). One species, Cavanilesia platanifolia, was excepted from the Cocoli census in 1999, since it is abundant and always deciduous in the dry season. We saved time by omitting it, and assumed in the data analysis that all Cavanilesia were deciduous. Each tree visited was scored for leaf loss on a scale from 0 -4: 4 = > 95% of leaves remaining; 3 = 65-95% of leaves remaining; 2= 35-65% remaining; 1 = 5-35% remaining; 0 = < 5% remaining.
This semi-quantitative system is a typical approach for assessing phenology (Borchert 1980 ; Bullock & SolisMagallanes 1990). Yellow or brown leaves were counted as missing. Leaves were considered missing if there were branches that had small branchlets but no leaves. Branches that were clearly rotting or had no small branchlets were considered dead and not counted as missing leaves. There were undoubtedly a few cases where recently dead branches or even trees were scored incorrectly as deciduous, but the September census proves that nearly all trees we censused were alive (nearly every individual was scored as 3 or 4).
We tallied the fraction of trees in each category, 0 through 4, but we simplify most of our presentation by reporting all individuals with a score of 0 or 1 as deciduous (< 35% of leaves remaining), and all others as nondeciduous. Although this reflects an arbitrary division of a continuous scale (leaf loss) into discrete categories, we believe it most closely reflects everyday use of the term deciduous. We also report an estimate trees scoring 2, to indicate the number of individuals that were partially deciduous.
We report several alternate indices of forest deciduousness at each of the three plots: the fraction of canopy species that were deciduous, the fraction of individuals in the canopy that were deciduous, and the fraction of crown area that was deciduous. From the 1997 census, we had to estimate these fractions from small samples for each species, using the mean fraction of deciduous individuals per species in the samples, then weighting this by the abundance of each species in the entire plot. That is, let ns be the abundance of species s, so N= 5sns is the total abundance of all species, and let fs be the fraction of deciduous individuals tallied in our sample for species s. An estimate of the total abundance of deciduous individuals in species s is thusfn,s, and the estimated fraction deciduous for the whole canopy is found by summing over all species. We call this the index of deciduousness: Deciduousness of crown area was calculated as well, based on allometric equations relating crown radius to DBH. Crown area refers to the area of the horizontal projection of each individual crown, based on the assumption that crowns are circular so their area isp times the radius squared. We have equations for 81 individual species (Bohlman et al. submitted); for species lacking the allometric data, a general equation based on data for all 81 species combined was used. We tallied the total crown area of each species in the canopy by summing all individuals alive in the main 1995 census, then used Eq. 1 and the 1997 sample to get total deciduous crown area. In 1999, since we checked every deciduous individual, we summed the crown area over each that was deciduous.
In 1999, we had a near-complete count of all deciduous individuals in the BCI and Cocoli plots at a single point in time. But trees that were dead, had badly broken crowns, or could not be observed due to liana cover (or occasionally stranglers), cause this to be an underestimate. At BCI during March, 1999, 720 trees were visited, but 118 could not be scored (43 definitely dead, 59 with lianas and some possibly dead, 16 with broken crowns). At Cocoli, 14 of 72 trees visited likewise could not be scored. We made a simple assumption that the dead trees had been replaced by an equal number of others growing past 30 cm DBH since 1995, and that these and the ones with liana cover had a fraction of deciduous trees matching the fraction in those observed. For example, at BCI in March 1999, we scored 265 of 602 trees as deciduous. To account for the 118 individuals missed, we multiply 265 by 720/602, giving 317 deciduous trees. We report this as our 1999 BCI estimate and use a similar calculation for the Cocoli plot.
Error rates for the percentage of deciduous individuals in 1997 were calculated in a simple and approximate way. The total number of individuals sampled at one plot was taken as the sample size, and 95% confidence limits on the estimated percent deciduous (from Eq. 1) were taken from Sokal & Rohlf (1969) . For example, at BCI during the March, 1997 census, 428 individuals > 30 cm DBH were censused. The estimated percentage of the canopy that was deciduous was 6.3 %, and 95 % confidence limits on 6 % of 421 -interpolated from Sokal and Rohlf's appendix -are ca. 4 -9 %. This is a rough approximation of confidence limits, since it effectively assumes that the sample was statistically uniform (that is, that all species were identical). We did not calculate confidence limits on the percentage of crown area, since there was no obvious way to do so and the error would presumably be close to that for individuals. We did not calculate errors around the percent of species because we had complete lists of species in the plotsthey were not samples. Neither did we calculate error for the 1999 census, since it was a near complete count of all deciduous individuals.
An index of deciduousness was calculated for each of the five census dates, including only those individuals observed deciduous at the time of the given census. In addition, we estimated the index by including all individual trees that were observed deciduous at least once. If trees are not synchronized in leaf loss, this number would be higher than the fraction deciduous during any single census. For example, if a third of the trees of a species are deciduous in January, a different third deciduous in February, and the last third deciduous in March, then we say that 100 % of the individuals of that species were deciduous at least once, while only 33% were deciduous at any one time. We could not make this calculation in 1999, since we had only one census that year.
Finally, the degree of deciduousness was calculated in different habitats within the 50-ha plot at Barro Colorado, following habitat definitions given in Condit et al. (1995 . Each 20 m x 20 m quadrat was classified into one of the following regions: the swamp, a 1.2 ha region that is flooded with standing water most of the year; streamsides, regions within 20 m of small streams (1.9 ha); slopes, quadrats inclined by 7? or more (11.4 ha); and plateau, which is flat, non-flooded terrain. The plateau was subdivided into three sections: a 6.8 ha block in the eastern part of the plot that is > 150 m above sea level, a 2.1 ha section of young forest, and a 24.8 ha western block that is < 150 m elevation. The remaining 1.8 ha of the 50-ha plot consist of quadrats with a mixture of habitats, and these were not used in analyses. The habitats differ in soil moisture because of a perched water table that meets the surface along the slopes; the high plateau is furthest from the water table and thus driest (Condit 1995 (Condit , 1996a 
Results

Deciduous species
The fraction of canopy species recorded as deciduous followed the precipitation gradient, with the wet site at Fort Sherman having the fewest deciduous species and the drier Cocoli site having the most. At BCI, there were 37 species scored as deciduous at least once in 1997: 20 that had at least one individual scoring 0 and 17 more scoring a 1 but not 0. In 1999, two additional species were recorded as deciduous, bringing the total number of deciduous canopy species in the BCI plot to 39, or 28% of all the canopy species in the plot (Table 1) . At Fort Sherman, 14.1% of canopy species were deciduous, and at Cocoli, 41.2% (Table 1) . No 1999 census was done at Fort Sherman, and no new deciduous species were added in 1999 at Cocoli. Table 2 lists all the species recorded as deciduous.
The 12 most common deciduous species at BCI contributed more than 75% of all the deciduous trees in 
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.60 1.00 1.00 1.00 ( .00 1.00 1.00 1.00 ---the forest (Table 3) . At Cocoli, four species accounted for close to 73% of the deciduous individuals. At Sherman, two species accounted for nearly all deciduous trees (Table 3) . At all three plots, canopy dominants were mostly non-deciduous. The four top ranking in terms of crown area (> 30 cm DBH) at Sherman -Brosimum utile (Moraceae),Manilkara zapote (Sapotaceae), Vochysia ferruginea (Vochysiaceae), and Calophyllum longifolium (Guttiferae) -were not deciduous. At BCI, the four top ranking were Trichilia turberculata (Meliaceae), Quara-ribea asterolepis (Bombacaceae), Hura crepitans and Tetragastris panamensis (Burseraceae); only Hura was deciduous. Even at Cocoli, three of the top four ranks in crown area were non-deciduous -Anacardium excelsum (Anacardiaceae), Calycophyllum candidissimum (Rubiaceae), and Scheelia zonensis (Palmae); the highly deciduous Cavanilesia platanifolia ranked second in crown area at Cocoli.
Deciduousness of the canopy
The estimated fraction of the canopy that was deciduous followed the same trend, with Sherman being the least and Cocoli the most deciduous. But the fraction of deciduous individuals was much lower than the fraction of deciduous species. The estimated fraction of canopy individuals which were deciduous reached a peak of 4.8 % at Fort Sherman, in the February, 1997, census (Table 4 ). At BCI, the peak deciduousness in 1997 was 6.3 % (in March), and at Cocoli, 24.3 % (also in March). In March, 1999, deciduousness was slightly higher at BCI than in 1997, and slightly lower at Cocoli (Table 4) , but the complete census closely confirmed the estimates from small samples in 1997.
The same trends were reflected by estimates of the fraction of total crown area that was deciduous. The estimated peak deciduousness of crown area in 1997 was 3.6 % at Sherman, 9.7% at BCI, and 19.1% at Cocoli (Table 4) (Table 2, Table 3 ). At BCI, in the 37 species recorded as deciduous in 1997, we censused 142 individuals. Of these, only 88 were recorded as deciduous at least once; the other 54 individuals in these deciduous species were never observed deciduous. At Sherman, 14 of 28 individuals of the deciduous species were not recorded as deciduous, and at Cocoli, five of 39 individuals were not. Second, deciduous species had different average abundance and crown sizes than non-deciduous species. At BCI, 26% of the species were deciduous (Table 1) the species were deciduous, but these accounted for just 22% of the crown area and 29% of the individuals. Two large-crowned deciduous Bombacaceae are abundant there (Cavanilesia and Pseudobombax), but they have many more smaller individuals than they do at BCI; in addition, Cocoli has common deciduous species with small crowns (Trichilia hirta, Bursera; Table 2 ). In terms of numerical abundance, Cocoli is dominated by the non-deciduous Anacardium excelsum.
Partial deciduousness
At all three forests, many trees scored 2 on the scale of deciduousness, with 35 -65 % of leaves remaining. The peak fraction of individuals in this category in 1997 was 6.2 % at Sherman, 10.2 % at BCI, and 20.7 % at Cocoli. At BCI and Fort Sherman, these are higher than the fractions we defined as deciduous (scoring 0 or 1, with < 35 % of leaves remaining; Table 4 ). The fraction of canopy individuals that were fully deciduous -reaching a score of 0 -was 1.5 % at Sherman, 2.9 % at BCI and 20.9 % at Cocoli. Most of the deciduousness at any one time, especially at BCI and Sherman, was in trees which only dropped some of their leaves.
Habitats in the BCI plot
The different habitats of the BCI plot were not markedly different in deciduousness, with the single exception of the small patch of young forest. This 2.1 ha section had a peak in 1997 of 14.8 % of its individuals and 15.2 % of its crown area deciduous. The adjacent high plateau was 6.7 % deciduous in terms of individuals, 9.3 % in terms of crown area. The 1999 count of deciduous individuals confirmed this difference: 45 individuals were observed deciduous on the high plateau, and 16 in the young forest (those are not estimates, but trees actually observed). These represent 7.7% and 14.0% of all canopy trees in each region (based on the 1995 census).
Smaller individuals
Some trees between 5 and 30 cm DBH were deciduous at BCI, but a lower fraction than among trees larger than 30 cm DBH. In 23 deciduous species, we censused some individuals < 30 cm DBH and some > 30 cm DBH. In 16 of these, smaller trees had a lower fraction deciduous than larger trees, while in three species, larger trees had a lower fraction (four species had equal fractions). For all deciduous species combined, 88 of 142 individuals (61 %) above 30 cm DBH were recorded as deciduous during at least one census in 1997, whereas in the smaller DBH class, 32 of 75 (43%) were.
The total fraction of individuals and crown area between 10 and 30 cm DBH that was deciduous at BCI never exceeded 1%. This is partly because deciduous species have a lower percentage deciduousness in the smaller size class. But it is mostly because several of the prominent deciduous species at BCI -Hura, Platypodium, Dipteryx, and Cavanilesia -have populations consisting of very few small individuals (this is documented in detail in Condit et al. 1998 ).
Wet season census
In September, 1997, 572 individuals that had been censused during the dry season of 1997 (January-March) were revisited. Of these, 34 could not be observed (due to lianas, or having died). Only one individual was deciduous (a Cavanilesia platanifolia), and 12 more scored 2 on the deciduous scale. The remaining 525 trees scored 3 or 4. From the perspective of ecosystem function, the percent of species that are deciduous is not as important as the percent of the canopy that is deciduous. This is the index that would reflect seasonality in carbon cycling, primary productivity, or leaf area index; it is what would be detectable in aerial images of the canopy (Reed et al. 1994; Bohlman et al. 1998 ). We found that the percent of the canopy that was deciduous was much lower than the percent of species that was deciduous, at all three plots. At the wettest site, the peak deciduousness of crown area was 3.6 %, while 14 % of the species were deciduous. At BCI, crown area deciduousness reached 9.7 %, while 28% of species were deciduous, The figure of 28 % for species is much higher than that given by Wright (1991) and Croat (1978) , probably because we are only considering large trees; understory trees are seldom deciduous (Frankie et al. 1974; Wright 1991) . At the driest plot, 19 % of the crown area but 41 % of the species were deciduous.
The gradient of deciduousness in our study matched the gradient of moisture, as predicted by physiological models, and as observed qualitatively, for example, inespecially Cavanilesia and Pseudobombax, during succession.
Geldenhuys (1993) did a precisely documented analysis of deciduousness at dry, subtropical sites in South Africa, where rainfall was about 1000 mm/yr. He reported that 13.8 % of the stems, 27.7 % of the basal area, and 28 % of the species were either deciduous or semideciduous. Kelly et al. (1988) reported that 24 % of the individuals, 37 % of the basal area, and 27 % of the species were deciduous in a dry tropical forest (1200 mm rainfall) in Jamaica. In both studies, though, the figures refer to the total number of individuals of deciduous species, not the number actually deciduous at one time. Webb (1968) reported quantitative figures for the proportion of deciduous individuals in forests all over eastern Australia. In Fig. 2 , we compare his results as well as those from Jamaica with ours. The driest site in Panama is much more deciduous than the Australian and Jamaican sites, which are slightly drier. Interestingly, if we are correct that Cocoli's forest will fall to 12 -15 % deciduousness as it reaches maturity (and we made that estimate before seeing Webb's or Kelly's data), it would align quite reasonably with the highnutrient site in Australia. BCI also has a rich soil (Leigh 1999) , suggesting that perhaps BCI and Australian forests are similar in their deciduousness-climate relation. Data are far too sparse to pursue this now, but Mackey (1993) used Webb's data to construct a quantitative model predicting the occurrence of deciduous and semideciduous forest as a function of climate and soil in Australia. We are in a position to develop the same sort of model in both Central America and in Australia, once we develop common means for describing climate.
An intriguing feature of deciduousness in the Panama forests is its variation and inconsistency. Most species at all three plots, including the canopy dominants, were evergreen. Of the minority of species that were not evergreen, only some individuals were deciduous, and it was typical for individuals of a species to be deciduous at different times and to different degrees. There were also many individuals in both forest that were partly deciduous (35 -65 % of leaves remaining), more than those we scored as deciduous. This variation has been described carefully in individual species (Borchert 1980) and may be typical of tropical trees in wet seasonal environments, where water availability in the soil varies from year to year and from site to site.
Because of the variation in the timing of deciduousness between species and between individuals, it is clear that we could have missed deciduous individuals and species that dropped leaves before or between our censuses. Still, we reiterate the point that what really matters at the ecosystem level is the deciduousness at any one moment, which is exactly what we censused. Although we may have missed individuals that were deciduous outside our censuses, our estimates of the degree of deciduousness at four points in time are unbiased. We are also certain that our censuses captured the peak deciduousness at each plot, or very nearly the peak, during February and March, toward the end of the dry season, when soil moisture is most limiting.
What we would like to do as a next step is test whether these differences in leaf loss can be detected using remote sensing. Seasonal changes in remotelysensed data have been traced to tree phenology (Bohlman et al. 1998 ) but proving this connection will require quantitative estimates of deciduousness. Ultimately, it may be possible to assess deciduousness over wide spatial scales using remote-sensed data. If so, it would be possible to monitor changes through time in the degree of deciduousness. Models predicting how plant functional types change as climates change (Steffen et al. 1996) could be tested at large scales by observing shifts in the distribution and abundance of deciduous species, a major functional type of tropical trees.
